T cell development is a highly dynamic process that is driven by interactions between developing thymocytes and the thymic microenvironment. Upon entering the thymus, the earliest thymic progenitors, called CD4 2 CD8 2 'double negative' (DN) thymocytes, pass through a checkpoint termed ''b-selection'' before maturing into CD4 +
Introduction
Hematopoietic progenitor cells enter the thymus from the bone marrow where they undergo a dynamic and highly regulated process of differentiation that culminates with the export of mature T cells. The differentiation of progenitors is controlled by interactions between the progenitor and thymic stromal cells that ultimately activate various signal transduction pathways [1] . These signal transduction pathways regulate the expression of key transcription factors that are required for differentiation. One of the key signaling pathways that is activated at various stages of intrathymic T cell development is the canonical Ras/Erk pathway.
The progenitors that seed the thymus initially lack expression of the CD4 and CD8 T cell co-receptors and are termed 'double negative' (DN). DN thymocytes are a heterogeneous population that can be further sub-divided based upon the expression of various cell surface molecules including CD44 and CD25. DN1 thymocytes are CD44 + CD25 2 with upregulation of CD25 marking entry into the DN2 stage. It is within the DN2 stage that TCRb, c and d gene loci begin rearrangement with completion of TCRb rearrangement at the CD44 2 CD25 + DN3 stage. Pairing of TCRb with pre-Ta produces the pre-TCR that signals the DN3 thymocytes to undergo a process termed 'bselection'. The characteristic features of b-selection include commitment to the ab-T cell lineage, continued differentiation, proliferation, survival and cessation of recombination at the TCRb locus. Thymocytes that pass the b-selection checkpoint enter the CD44 2 CD25 2 DN4 stage before CD4 and CD8 are upregulated to generate 'double positive' (DP) thymocytes [2] . Following a productive TCRa rearrangement and pairing with TCRb to produce a mature abTCR, the DP thymocyte is then subjected to positive and negative selection based upon the specificity of the mature TCR for self-peptide MHC complexes [3] .
Currently it is thought that signals downstream of the pre-TCR, Notch and CXCR4 drive DN3 thymocytes through the bselection checkpoint [4] . The signal transduction pathway downstream of the pre-TCR is thought to be similar to that of the mature ab-TCR. For example, mice deficient in Zap70 and Syk, LAT or SLP-76 show a profound block in T cell development at the b-selection checkpoint [5] [6] [7] [8] [9] . Additionally, it is known that signals downstream of the pre-TCR can activate the canonical Ras/Erk pathway [10] . While Notch signaling is critically important at earlier stages of DN thymocyte development (for recent review see [11] ), at the b-selection checkpoint, Notch appears to cooperate with pre-TCR signals to promote survival and metabolic activity through the PI3K pathway. It was recently demonstrated that the chemokine receptor CXCR4 is required as a 'co-stimulatory' receptor for b-selection [12, 13] . Again, the pre-TCR appears to cooperate with CXCR4 possibly through a PI3K mediated program of survival.
While it is known that the Ras/Erk pathway is activated during b-selection, the identity of the upstream Ras activator was unclear. Ras is a small, lipidated G-protein whose activity is regulated by guanine nucleotide binding. Ras is allosterically activated by GTP binding while the GDP bound form is inactive. Guanine nucleotide exchange factors (GEFs) catalyse the exchange of GDP for GTP thereby activating Ras, while an intrinsic GTPase activity is enhanced by GTPase activating proteins (GAPs). Ras activation leads to the recruitment and activation of the Raf kinase that can phosphorylate and activate MEK that in turn phosphorylates and activates Erk1 and 2. Erk1 and 2 can then modulate gene expression that influences many cellular processes including proliferation, survival and lineage commitment to name but a few [14] . In lymphocytes, there are two major families of GEFs that regulate Ras activity: the son of sevenless (Sos) and Ras guanylnucleotide releasing protein (RasGRP) families. The RasGRP family consists of four members (RasGRP1-4). RasGRP1 is expressed mainly in T and B cells while RasGRP3 is prominently expressed in B cells. Both RasGRP1 and 3 are regulated by the binding of their C1 domain to diacylglycerol and also have the potential to be regulated by PKC phosphorylation [15] [16] [17] [18] . The role of other domains in the regulation of RasGRP activity is currently unclear. There are two Sos family members, Sos1 and Sos2. The Sos family is also regulated by recruitment to membranes through interactions with adaptor molecules such as Grb-2 and Shc. Additionally, it has recently been demonstrated that allosteric, or GTP-bound, Ras binding as well as the binding of PIP2 to the DH-PH domain of Sos increases the activity of Sos likely through release of the autoinhibitory domain [19] . Interestingly, one model of Ras activation in T cells suggests that RasGRP1 and Sos operate in a feedforward loop where initial RasGRP1-mediated Ras activation potentiates Sos activation resulting in an analogue to digital conversion of Ras activity [20, 21] . The relative roles of the RasGRP and Sos families in Ras activation during the various stages of T cell development and activation has been controversial, however, recent work has begun to resolve this issue. In a seminal paper by Dower et al., RasGRP1 was shown to be required for thymocyte positive selection [22] . Furthermore, it was recently demonstrated that RasGRP1-mediated Ras activation was required for invariant natural killer T cell (iNKT) development [23] . However, while the Ras/Erk pathway was known to be activated at the b-selection checkpoint, until recently, a role for the RasGRP family at this stage of thymocyte development had not been described. In a recent report by the Zhang group, RasGRP1 knock out (KO) mice were found to display a partial block in b-selection that was augmented by simultaneous elimination of RasGRP4. RasGRP4 KO mice did not display any impairment in b-selection [24] . Furthermore, a report from Kortum et al. showed that RasGRP1 KO thymi showed increased ratios of DN/DP and DN3/DN4 compared to wildtype thymi, implying defects in b-selection [25] . Interestingly, it was also recently discovered that Sos1 deficiency enforced within the DN compartment resulted in a partial b-selection block; however, Sos1 deficiency did not impair positive or negative selection [26] .
While RasGRP1 KO and RasGRP1/4 double KO mice showed a block in b-selection, an in depth analysis of which bselection events were RasGRP dependent was not performed. Additionally, since there was a more profound b-selection block in RasGRP1/4 double KO mice, there is evidence that multiple RasGRPs regulate early T cell development and it is possible that RasGRP members other than RasGRP1 and RasGRP4 regulate b-selection. Therefore, we performed a detailed analysis of the hallmark events of b-selection in RasGRP1 KO, RasGRP3 KO and RasGRP1/3 double KO (DKO) mice. Our data indicated that in the absence of RasGRP1 or RasGRP1 and 3, DN thymocytes inefficiently developed into DP thymocytes and showed partial developmental arrest at the DN3 thymocyte stage. Furthermore, RasGRP1 KO and RasGRP1/3 DKO thymi showed impaired early DN3 (DN3E) to late DN3 (DN3L) development and a loss of DN3 proliferation, due to defective bselection. Interestingly, we found that RasGRP1, but not RasGRP3, was required for ERK activation downstream of CXCR4, which may represent a potential mechanism of RasGRP1 mediated control of the b-selection checkpoint. Our findings demonstrate the importance of RasGRP1 during early thymocyte development and provide a mechanistic link between CXCR4 signaling and b-selection.
Materials and Methods

Mice
C57BL/6 mice were purchased from the National Cancer Institute and The Jackson Laboratory. The generation of RasGRP1 KO, RasGRP3 KO and RasGRP1/3 DKO has been previously described [22, 27] . All KO mice were crossed onto the C57BL/6 background. For all strains, mice of both sexes were used between 4 and 16 weeks of age. All mice were treated in accordance with protocols approved by the University of Alberta Animal Care and Use Committee.
Antibodies and Flow Cytometry
Fluorochrome-conjugated and biotinylated antibodies (Ab) were purchased from eBioscience. Anti-cleaved caspase 3 (Asp-175) and anti-pAKT (pS473) were purchased from Cell Signaling. AntipERK (pT202/pY204) was purchased from BD Biosciences. AntiBrdU (Alexa 647) was purchased from Phoenix Flow Systems. The mCD1d/PBS57 tetramer was kindly provided by the NIH Tetramer Facility. Cells were stained with Ab cocktails in FACS buffer (PBS, 1% FCS, 0.02% sodium azide) for 30 min on ice. Cells were washed twice with FACS buffer following primary and secondary Ab staining. Cells were treated with the BD Fix/Perm kit (BD Biosciences) for intracellular staining of BrdU, cleaved caspase 3 and TCRb. Cell events were collected on a FACSCanto II (BD Biosciences) and analyzed with FloJo software (Tree Star).
Cell Sorting
DN3e thymocytes were isolated by FACS using a FACSAria (BD Biosciences) cell sorter. Prior to sorting thymocyte suspensions were enriched for DN thymocytes by magnetic depletion using anti-CD8 and anti-CD4 Abs. DN3e thymocytes were sorted as [CD8/CD3/CD44/CD19] neg and CD25 hi CD98 lo .
OP9-DL1 Culture
OP9-DL1 cells were maintained as previously described [28] . A total of 4610 4 DN3E were cultured in DM20 (DMEM, 5 mM Hepes, 50 units (mg/mL) penicillin/streptomycin, 2 mM L-glutamine, 50 mM 2-mercaptoethanol, 50 mg/mL gentamicin sulfate) supplemented with 1 ng/mL IL-7 in 96 wells plates previously seeded with 1.2610 4 OP9-DL1 cells at 37uC. Cocultures were harvested through a 70 mm cell strainer after 24 h and 48 h of culture and analyzed by flow cytometry.
BrdU
Mice were injected i.p. with 1 mg of BrdU and were euthanized 2 h after injection. Thymocyte BrdU incorporation was assessed by flow cytometry using a protocol adapted from the BD APC BrdU Flow Kit (BD Biosciences). Thymocytes were first stained for surface markers in FACS buffer as described above. Following surface staining, thymocytes were resuspended in BD Cytofix (BD Fix/Perm kit), incubated on ice for 20 min and washed twice in 1X Fix/Perm buffer (BD Fix/Perm kit). Cells were then treated with a solution of 90% FCS and 10% DMSO on ice for 10 min and washed twice in 1X Fix/Perm buffer. Thymocytes were again treated with BD Cytofix on ice for 5 min and washed twice in 1X Fix/Perm buffer. Cells then underwent DNase treatment for 1 h at 37uC and were washed twice in 1X Fix/Perm buffer. Thymocytes were then stained with anti-BrdU in 1X Fix/Perm buffer for 30 min on ice, washed twice in FACS buffer and analyzed by flow cytometry.
SDF-1a Stimulations
Total thymocytes were resuspended at 1610 7 cells/mL in DMEM with 0.1% BSA. Cells were pre-treated or not with 20 mM of the PI3K inhibitor, LY294002, for 30 min at 37uC. Cells were stimulated with 10 nM SDF-1a (PeproTech) for various time points, immediately fixed in 1X BD Phosflow Lyse/Fix Buffer (BD Biosciences) and washed once with FACS buffer. Thymocytes were then permeabilized in 90% methanol on ice for a minimum of 30 min and washed twice in FACS buffer. AKT activation was detected with anti-pAKT (1/100) followed by incubation with an Alexa fluor 647 conjugated anti-rabbit secondary Ab. ERK activation was detected with anti-pERK (1/400) followed by incubation with biotin conjugated anti-mouse Ab and APC conjugated streptavidin. Cells were also stained with Abs to surface markers and analyzed by flow cytometry. ERK/AKT phosphorylation was quantified as fold induction of mean fluorescent intensities of stimulated samples/unstimulated samples.
Statistics
Mean, SD and P values were calculated using Prism software (Graphpad) using a two-tailed, unpaired Student's t-test. Asterisks represent statistically significant analyses comparing B6 to RasGRP mutant mice, unless indicated otherwise. Statistical significance is represented as */#p,0.05, **p,0.01 and ***p,0.001.
Results
Given that the Ras/ERK pathway is activated during bselection and Sos1 deficiency only partially impaired the DN3 to DN4 transition, it is probable that other RasGEFs are involved in b-selection. Recent reports published by Zhu et al. and Kortum et al. showed that RasGRP1-and RasGRP1/4-deficient mice showed impaired development beyond DN3, suggesting impaired b-selection [24, 25] . However, the involvement of RasGRP family members in the hallmark events of b-selection was not explored in detail.
To examine potential roles for RasGRP1 and/or RasGRP3 in T cell development, we first examined CD4/CD8 profiles of Thy1.2 + thymocytes from wildtype (B6), RasGRP1 2/2 (1KO), RasGRP3 2/2 (3KO) and RasGRP1 2/2 ; 3 2/2 (DKO) mice. As has been previously reported, 1KO mice showed significantly reduced frequencies and numbers of CD4SP and CD8SP thymocytes (Fig. 1A ,B) due to defects in positive selection [22, 29] . Likewise, DKO mice also showed significant reductions in CD4SP and CD8SP frequencies and numbers. However, double deficiency of RasGRP1 and RasGRP3 did not appear to further abrogate positive selection compared to RasGRP1 deficiency alone. 3KO mice did not show significant alterations in numbers or frequencies of any major thymic subsets.
In addition to defects in positive selection, 1KO thymi have recently been reported to show impaired iNKT cell development [23] . To assess a potential additional role for RasGRP3 in thymic iNKT cell development we examined B6 and RasGRP1/3 deficient thymi for the presence of mature CD1d(PBS57) tetramer binding CD3
+ iNKT cells. As expected, 1KO and DKO thymi showed statistically significant reductions in iNKT cell frequencies and numbers compared to B6 (Fig. 1C,D) . 3KO thymi showed similar numbers and frequencies of iNKT cells as B6 and iNKT cell selection did not appear further abrogated by RasGRP1/3 double deficiency compared to RasGRP1 loss alone.
To gain a better understanding of the influence of RasGRP1, RasGRP3 and RasGRP1/3 deficiency on b-selection, we examined total thymic cellularity since the proliferative burst that accompanies b-selection is largely responsible for the total number of thymocytes present. As a result of inefficient b-selection, DKO thymi showed a significant reduction in total thymic cellularity compared to B6. 1KO and 3KO thymi showed a reduction in total thymocyte numbers compared to B6, however, this was not statistically significant ( Fig. 2A ). An important outcome of bselection is the development of DP thymocytes from DN progenitors. Likewise, defects in b-selection disrupt the normal balance of DN to DP in the thymus. Interestingly, 1KO and DKO mice showed significantly elevated frequencies and increased, although not statistically significant, numbers of DN thymocytes compared to B6 (Fig. 2B ). In addition to having an increased pool of DN, 1KO and DKO thymi also show decreased numbers of DP compared to B6 (Fig. 2C) . Since the DP compartment is generated from DN progenitors, analyzing the ratio of DP to DN (DP/DN) provides insight into the efficiency with which DN thymocytes develop into DP. Strikingly, 1KO and DKO mice showed significant reductions in DP/DN, suggesting inefficient developmental progression through the DN stages, resulting in fewer DP (Fig. 2C) . In contrast, 3KO mice showed a modest increase in DP/ DN, which may represent more efficient development of DP due to predominantly RasGRP1 driven signaling during development. No statistical difference in DP/DN ratio was observed between 1KO and DKO mice. Therefore, it appears that in addition to regulating positive selection, RasGRP1 also regulates the generation of DP.
Since RasGRP1 deficiency results in inefficient DN to DP development, we next examined the DN compartment of wildtype and RasGRP1/3 deficient thymi using the CD44/CD25 profile of DN (CD4 2 CD8 2 Thy1.2 + CD3 lo ) thymocytes. We found that 1KO and DKO thymi showed significantly increased frequencies and numbers of DN3 thymocytes (CD44 2 CD25 + ) relative to B6 (Fig. 3A,B) , suggesting defects in b-selection. One important result of b-selection is differentiation of DN3 thymocytes into DN4 thymocytes (CD44 2 CD25 2 ). To evaluate this critical differentiation step in the thymocyte developmental program, we examined the ratio of frequencies of DN3 to DN4 thymocytes. 1KO and DKO mice showed significant increases in DN3/DN4, providing further evidence of impaired b-selection in the absence of RasGRPs (Fig. 3B) . The DN3/DN4 seemed to be modestly higher in DKO thymi compared to 1KO, although this was not statistically significant. Loss of RasGRP3 alone did not appear to influence the development of DN3 into DN4 and the contribution of RasGRP1 to b-selection appears to be dominant to RasGRP3.
The bifurcation of ab and cd T cell development is thought to occur at the DN3 stage. Since we saw a significant increase in DN3 numbers in RasGRP1/3 deficient thymi and DN3 can give rise to both ab and cd T cells, we wanted to address possible alterations in cd T cell development due to RasGRP1/3 deficiency. To examine thymic cd development we looked for the presence of mature cdTCR
+ thymocytes in B6 and RasGRP1/3 deficient thymi. We found 1KO, 3KO and DKO thymi showed similar numbers and frequencies of mature cd thymocytes as B6 (Fig. 4 A,B) . These results suggested that the increased DN3/DN4 seen in RasGRP1/3 deficient thymi was likely due to defects in ab development and not cd development. Therefore, we next focused on ab development from DN3 in RasGRP1/3 deficient mice.
Following b-selection, DN4 upregulate surface expression of TCRb as they mature into DP thymocytes. To gain insight into progression through b-selection, we examined DN4 for surface expression of TCRb. 1KO and DKO thymi showed statistically significant reductions in frequencies of surface TCRb + DN4 compared to B6, while 3KO thymi showed similar frequencies of surface TCRb + DN4 as B6 (Fig. 4C) . Since cd T cells also contribute to the DN4 pool, we examined DN4 for surface expression of cdTCR. 1KO and DKO thymi showed statistically significant increases in frequencies of cdTCR + DN4 compared to B6, while 3KO DN4 showed similar frequencies as B6 (Fig. 4C) . Again, no statistical difference between 1KO and 3KO was observed. Although 1KO and DKO thymi showed elevated frequencies of cdTCR + DN4, numbers and frequencies of mature cd T cells remained similar to B6 (Fig. 4A,B) . Altogether these results suggest that the loss of RasGRP1 results in an altered pool of DN4 due to impaired b-selection, however ab and cd lineage commitment appears to remain intact.
To evaluate the passage of DN3 through b-selection more closely, we examined early DN3 (DN3E) and late DN3 (DN3L) populations of B6, 1KO, 3KO and DKO thymocytes. DN3E TCRbi.c.+ are DN3 that have undergone successful VDJ recombination, but have not yet undergone pre-TCR driven proliferation. In contrast, DN3L
TCRbi.c.+ are DN3 that have received a pre-TCR signal and as a result undergo blastogenesis, which can be detected as changes in cell size [30, 31] . To focus our analysis on the DN3E to DN3L transition specifically, we examined intracellular TCRb compared to B6 and 3KO DN3 (Fig. 5A ), despite showing similar frequencies of total TCRb i.c. + DN3 (Fig. 5B) , suggesting defective TCRb rearrangement does not underlie impaired b-selection. Of note, 1KO and DKO thymi showed significantly reduced frequencies of TCRb i.c.
+ DN4 compared to B6 (Fig. 5B) , providing further confirmation that the composition of the DN4 compartment is altered in RasGRP1 and RasGRP1/3-deficient thymi. To gain more insight into progression through b-selection, we calculated the ratio of frequencies of DN3E
TCRbi.c.+ to TCRbi.c.+ over multiple experiments. 1KO and DKO thymi showed a significant increase in (DN3E/DN3L)TCRb i.c.
+ ratios compared to B6 (Fig. 5C) , strongly suggesting DN3E are unable to undergo efficient blastogenesis in the absence of RasGRPs. Furthermore, DKO DN3 showed significantly higher (DN3E/ DN3L)TCRb i.c.
+ ratios than 1KO mice. Consistent with our previous data, 3KO mice appear to undergo normal b-selection and show similar (DN3E/DN3L)TCRb i.c.
+ ratios as B6.
To obtain further confirmation that RasGRP1/3 deficient thymocytes were impaired in the DN3E to DN3L transition, we tested the ability of B6 and DKO DN3E to mature in the in vitro OP9-DL1 model of T cell development. DN3E (CD25 + CD98 lo ) were isolated from B6 and DKO thymi by FACS, seeded on OP9-DL1 monolayers and Thy1.2 + CD44 lo DN were analyzed after 1 and 2 days of co-culture for the expression of surface markers CD98 and CD25. Consistent with our previous in vivo data, DKO DN3E (CD25 + CD98 lo ) were unable to transition to DN3L Figure 4 . RasGRP1 KO and RasGRP1/3 DKO DN4 thymocytes show an increased frequency of cd T cells, despite normal numbers and frequencies of mature thymic cd T cells. A. CD3 by cdTCR profiles of bulk thymocytes from B6 (n = 7), 1KO (n = 3), 3KO (n = 6) and DKO (n = 9) thymi. B. 
CD44 -CD25
2 ) from B6 (n = 5), 1KO (n = 5), 3KO (n = 6) and DKO (n = 7) mice injected with BrdU i.p. 2h prior to euthanasia. *p,0.05, **p,0.01 and ***p,0.001. doi:10.1371/journal.pone.0053300.g005
RasGRP1 Is Required for b-Selection PLOS ONE | www.plosone.org(CD25 + CD98 hi ) after 2 days of co-culture, while B6 DN3E underwent extensive maturation to DN3L (Fig. 5D) . Altogether, our in vivo and in vitro data strongly suggest that RasGRP1 is required for efficient b-selection of DN3E and subsequent differentiation to DN3L. However, we next wanted to address impact of RasGRP1/3 ablation on other aspects of b-selection.
One important result of b-selection is extensive proliferation of DN3s expressing a functionally rearranged TCRb. The lack of DN3L in RasGRP1/3 deficient mice suggested defects in DN3 proliferation. To address proliferation in RasGRP1/3 deficient thymi more directly, we injected mice with BrdU i.p. 2 hours prior to euthanasia and assayed BrdU incorporation in DN3 and DN4 thymocytes. 1KO and DKO thymi showed a significant decrease in the frequency of BrdU + DN3 compared to B6, but not compared to each other, while 3KO DN3 showed no significant difference in BrdU incorporation compared to B6 (Fig. 5E ). There were no significant differences in DN4 BrdU incorporation between any of the mice examined, suggesting DN4 proliferation occurs independently of RasGRP1 activity (Fig. 5E) . Altogether, these data suggest that defective b-selection driven proliferation of DN3 is a major consequence of RasGRP1 loss.
Another important result of b-selection is the survival of developing thymocytes as they differentiate from DN3 to DN4. Therefore, changes in the apoptotic activity of developing DN3/ DN4 may result in changes in b-selection. To address thymocyte apoptosis, we examined caspase 3 activation in DN3, DN4 and DP thymocyte subsets from B6, 1KO, 3KO and DKO mice. We found that 1KO, 3KO and DKO thymi showed no significant differences in the percentages of active caspase 3 + DN3, DN4 or DP compared to B6 (Fig. 6) . In fact, it appears that defective bselection in 1KO and DKO thymi mildly reduced the frequency of active caspase 3 + DN3 and DN4, suggesting that RasGRP1/3 deficiency does not impair thymocyte survival. Furthermore, normal frequencies of active caspase 3 + DP thymocytes from RasGRP1/3 deficient thymi suggest that reduced DP/DN ratios observed in RasGRP1/3 deficient thymi are a result of inefficient DN to DP development, rather than increased DP apoptosis.
Signaling through CXCR4 has recently been shown to be an important co-stimulator of pre-TCR signaling and is required for efficient b-selection [12] . Stimulating DN3 through CXCR4 with SDF1a results in the phosphorylation and activation of ERK and AKT, two kinases that are thought to be important during bselection. To address whether RasGRP1/3 are involved in CXCR4-dependent ERK and AKT activation, we stimulated B6 and DKO thymocytes with 10 nM SDF1a and examined the phosphorylation of ERK and AKT in DN3. DKO DN3 showed an almost complete loss of ERK phosphorylation after 1 min and 2 min of SDF1a stimulation compared to B6 (Fig. 7A) . In contrast, B6 and DKO DN3 showed similar fold inductions of AKT activation at all points (Fig. 7B) . These results suggest that RasGRP1/3 are required for ERK activation in response to SDF1a/CXCR4 signaling, but RasGRP1/3 deficiency does not impair PI3K/AKT signaling in response to SDF1a. Interestingly, RasGRP1 contains a C-terminal plasma membrane targeting (PT) domain that includes a basic/hydrophobic cluster of amino acids shown to interact with phosphoinositides [32, 33] . Therefore, targeting of RasGRP1/3 to the plasma membrane and subsequent Ras activation may be dependent on PI3K activity. To address whether PI3K may be regulating RasGRP1/3 during CXCR4 signaling, we carried out the same stimulations in presence of 20 mM of the PI3K inhibibitor, LY294002. We found that inhibition of PI3K had little to no effect on ERK activation in B6 or DKO DN3 (Fig. 7A) . LY294002 treated DN3 from B6 and DKO thymi showed similar fold inductions of pERK in the presence or absence of inhibitor and B6 DN3 maintained significantly higher fold inductions of pERK compared to DKO. Also, as a negative control we measured pAKT fold induction in LY294002 treated DN3 and saw a dramatic loss of AKT activation in both mice as expected (Fig. 7B) . Therefore, although RasGRP1/3 are required for ERK activation in response to SDF1a, PI3K activity does not regulate RasGRP1/3 mediated ERK activation during CXCR4 signaling.
Although RasGRP1/3 deficient DN3 were unable to activate ERK in response to CXCR4 signaling, analysis of DKO DN3 could not distinguish the individual contributions of RasGRP1 and RasGRP3 to ERK activation downstream of CXCR4. To gain insight into the individual roles of RasGRP1 and RasGRP3 during CXCR4 mediated ERK activation, we carried out the previously described SDF1a stimulations using 1KO and 3KO DN3 (Fig. 7C) . 3KO DN3 showed similar fold inductions of pERK as B6 in response to SDF1a stimulation at all time points. In contrast, 1KO and DKO DN3 were equally impaired in their ability to activate ERK following SDF1a stimulation. Therefore, RasGRP1, but not RasGRP3, is required for ERK activation downstream of CXCR4.
Discussion
Using a comprehensive analysis of early thymocyte development, we were able to elucidate the effects of RasGRP1, RasGRP3 and RasGRP1/3-deficiency on thymocyte b-selection. 1KO and DKO displayed impaired differentiation and proliferation of DN3 thymocytes as they transition from DN3E to DN3L, despite intact TCRb expression. Additionally, the DN to DP transition in 1KO and DKO mice was reduced. Of note, we found that despite showing elevated frequencies of DN4 cd T cells, RasGRP1 and/or RasGRP3 does not appear to regulate ab vs cd lineage commitment. Finally, we found that 1KO and DKO DN3 thymocytes were defective in ERK activation following SDF1a stimulation, which may contribute to impaired b-selection. Our findings provide a basis for understanding RasGRP mediated control of the b-selection checkpoint and the downstream consequences of inefficient RasGRP-mediated Ras activation during thymopoiesis.
In most cases, RasGRP1 and RasGRP1/3-deficient thymocytes displayed equivalent deficiencies in b-selection, while 3KO mice were mostly normal. Therefore, we attribute most of the deficiencies in b-selection observed in DKO mice to a loss of RasGRP1 and suggest that RasGRP3 cannot compensate for the loss of RasGRP1. Indeed, it has been shown that RasGRP1 is the most highly expressed RasGRP member in DN3a thymocytes [34] . The lack of a difference between RasGRP1 KO and RasGRP1/3 DKO mice contrasts the finding of the Zhang group where RasGRP4-defient mice showed no impairment in bselection, but the combined loss of RasGRP1 and 4 showed a more profound phenotype than RasGRP1 deficiency alone. This suggests that RasGRP4 could compensate somewhat for the loss of RasGRP1 [24] . The difference observed between RasGRP1/ 3 DKO and RasGRP1/4 DKO is likely due to relatively higher expression of RasGRP4 than RasGRP3 in DN3 thymocytes as reported by the Immunological Genome Project [24, 34] .
The development of DN into DP is a complex multi-stage program involving interactions between developing thymocytes and the diverse elements that make up the thymic microenvironment. RasGRP1 ablation results in inefficient development of DN into DP (Fig. 2b) . Signaling downstream of the pre-TCR is known to involve the signaling molecules Zap70, Syk, LAT and SLP76, as well as activation of the Ras/ERK signaling pathway [5] [6] [7] [8] [9] [10] .
Given that RasGRP1 contains a physiologically relevant C1 domain that binds DAG, it is likely that LAT mediated PLCc recruitment, activation and subsequent DAG production in response to pre-TCR signaling recruits RasGRP1 to the plasma membrane, resulting in Ras activation [2, 35] . In support of this mode of RasGRP1 regulation, although not extensively studied, mice with a LAT Y136F mutation that abrogates PLCc recruitment and activation show impaired DN to DP development, suggesting impaired b-selection [36, 37] . However, RasGRP1 regulation downstream of the pre-TCR remains poorly understood.
We have identified a novel role for RasGRP1 downstream of CXCR4 activation in DN3 thymocytes. RasGRP1 deficient DN3 cells are unable to activate ERK in response to SDF1a stimulation of CXCR4. However, RasGRP1 deficient DN3 are able to activate AKT downstream of CXCR4 activation. Interestingly, CXCR4 deficient thymi show impaired b-selection and signals transduced through CXCR4 are important during early T cell development [12] . The mechanism of RasGRP1 activation downstream of CXCR4 remains unclear. To address one possible mechanism of RasGRP1 activation in response to CXCR4 signaling we carried out SDF1a stimulations of DN3 thymocytes in the presence of PI3K inhibitor, LY294002. RasGRP1 contains a C-terminal PT domain that has been shown to bind phosphoinositides and recruit RasGRP1 to the plasma membrane [32, 33] . However, we found that inhibition of PI3K activity had no effect on ERK activation in response to SDF1a stimulation, suggesting PI3K mediated phoshoinositide generation is not required for RasGRP1 mediated ERK activation downstream of CXCR4. Both RasGRP1 and RasGRP3 contain DAG binding C1 domains that have been classically thought to recruit RasGRPs to Ras containing membranes [18] . Therefore, it appears likely that the mechanism of RasGRP1 activation downstream of CXCR4 is PLCc dependent and involves RasGRP1 binding membrane DAG through its C1 domain. Interestingly, ERK activation downstream of CXCR4 is also defective in RAG2 2/2 DN3, unable to express a pre-TCR [38] . Since CXCR4 mediated ERK activation is pre-TCR dependent, RasGRP1 may activate ERK downstream of the pre-TCR. It is known that LAT is part of the pre-TCR signaling complex and that LAT can recruit and activate PLCc [39] . Given the potential for PLCc mediated DAG production downstream of the pre-TCR, we predict that RasGRP1 activation during b-selection is PLCc dependent. However, more experiments are needed to address the precise mechanism of RasGRP1/3 activation in thymocytes.
The TCR signaling strength model of early T cell development suggests that the strength of the TCR signal transduced in DN3E thymocytes is the deciding determinant of ab vs cd lineage choice [40] . It is thought that strong signals transduced through the cdTCR lead to strong ERK activation and increased expression of EGRs and Id3, driving cd T cell selection [41] . In contrast, weak signals transduced through the pre-TCR, resulting in weak ERK activation, in conjunction with Notch and CXCR4 signals promote b-selection [4] . Interestingly, targeted Sos1 KO thymi show similar frequencies, but reduced numbers, of mature cd T cells compared to wild type thymi [26] . We found that RasGRP1/ 3 deficiency had no significant effect on frequencies or numbers of mature cd T cells. A recent report from Chen et al. confirmed that 
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2 ) and DP (CD4 Although RasGRP1 deficient and targeted Sos1 KO thymi show similar cd and ab early T cell development phenotypes, there are some subtle, yet important, differences in the b-selection phenotypes of these different mouse models. Deceptively, both RasGRP1 deficient and Sos1 KO thymi show significantly elevated DN3/DN4 ratios [26] . However, Sos1 KO thymi show a significant reduction in DN4 numbers accompanied by modestly reduced DN3 numbers, while RasGRP1/3 deficient thymi show significantly elevated DN3 numbers and mildly reduced DN4 numbers. Therefore, it appears that the Sos1 KO phenotype lies within the DN4 population rather than within the DN3 population. Furthermore, RasGRP1-deficient and Sos1 KO DN3 and DN4 show opposing proliferation phenotypes. RasGRP1 deficient DN3 show significantly reduced proliferation, while Sos1 KO DN3 cells proliferate normally. In contrast, Sos1KO DN4 show significantly reduced proliferation, while RasGRP1 deficient DN4 show very modest reductions in proliferation. Therefore, Sos1 seems to control the proliferation of DN4 and as a result Sos1 deficiency results in significantly reduced DN4 numbers. It should be noted, complicating this interpretation is the fact that the BrdU pulse times varied between the two studies and this difference may account for the observed differences in proliferation. However, RasGRP1 deficient DN3 show inefficient differentiation from the DN3E to DN3L stages, resulting in significantly elevated DN3 numbers. Interestingly, RasGRP1 deficient thymi show increased DN3 numbers despite significant reductions in DN3 proliferation. This finding clearly demonstrates that increased DN3 cell numbers in RasGRP1 thymi are due to developmental arrest and highlights the intimate connection between DN3 proliferation and their subsequent differentiation into DN4. Altogether these findings suggest that RasGRP1 and Sos1 may regulate temporally distinct events in ab T cell development. As a result, a feedforward loop involving RasGRP1 mediated Ras activation potentiating Sos1 activity likely does not contribute to b-selection. In support of this, RasGRP1; Sos1 DKO mice show more severely impaired early T cell development phenotypes than either single KO alone, suggesting that Sos1 and RasGRP1 regulate Ras activation independently during T cell development [25] . But, it remains possible that RasGRP1 and Sos1 cooperate in a feedforward loop to regulate cd T cell development. Interestingly, c-Myc deficient thymocytes show a loss of DN4 proliferation and inefficient DN to DP development [43] . It is known that ERK can phosphorylate c-Myc on Ser62, which stabilizes c-Myc and promotes its activity [44] . Regulation of Ras activation by Sos1 and/or RasGRPs may modulate c-Myc activity to control early thymic T cell development. However, Ras activation has numerous downstream consequences and c-Myc regulation is only one outcome of Ras signaling.
In addition to its classical role as a RasGEF, Sos1 has also been shown to be a Rac activator [45, 46] . Similar to Dbl family members, Sos1 contains tandem Dbl homology (DH) and pleckstrin homology (PH) domains, which control the localization and RacGEF activity of Sos1. Interestingly, Rac1/2 deficient thymocytes show impaired early T cell development, including bselection [47, 48] . Therefore, it is possible that Sos1 may regulate Rac activation directly during early T cell development, which may account for the different developmental phenotypes of RasGRP1 deficient and Sos1 deficient thymi. However, there is no evidence of Sos1 regulating Rac activation during T cell development and further studies are required to address this possibility.
In conclusion, we showed that RasGRP1 controls the differentiation of DN3E into DN3L and the proliferation of the DN3 compartment. Additionally, RasGRP1 was required for the activation of ERK, downstream of CXCR4. It has become clear that control of the Ras pathway is an important facet of early thymic T cell development. However, many questions remained unanswered. The precise mechanism of RasGRP1 activation during pre-TCR signaling and signaling downstream of CXCR4 remains a mystery. Most importantly, the downstream consequences of Ras activation are poorly understood in the context of T cell development. Much work has been done linking Ras/ MAPK signaling to T cell development and has provided invaluable insight into understanding developmental signaling in thymocytes. However, Ras regulates a diverse array of pathways and uncovering the network of Ras regulated signaling pathways in T cells will shed light onto the precise mechanisms by which Ras regulates T cell development.
